Abstract Ultraviolet (UV) and visible impurity spectra (200∼750 nm) are commonly used to study plasma and wall interactions in magnetic fusion plasmas. Two optical multi-channel analysis (OMA) systems have been installed for the UV-visible spectrum measurement on EAST. These two OMA systems are both equipped with the Czerny-Turner (C-T) type spectrometer. The upper vacuum vessel and inner divertor baffle can be viewed simultaneously through two optical lenses. The OMA1 system is mainly used for multi-impurity lines radiation measurement. A 280 nm wavelength range can be covered by a 300 mm focal length spectrometer equipped with a 300 grooves/mm grating. The Dα/Hα line shapes can be resolved by the OMA2 system. The focal length is 750 mm. The spectral resolution can be up to 0.01 nm using a 1800 grooves/mm grating. The impurity behaviour and hydrogen ratio evolution after boroniztion, lithium coating, and siliconization are compared. Lithium coating has shown beneficial effects on the reduction of edge recycling and low Z impurity (C, O) influx. The impurity expelling effect of the divertor configuration is also briefly discussed through multi-channels observation of OMA1 system.
Introduction
In fusion plasmas, the impurities will cause large radiation losses and adversely affect the plasma performance. Graphite titles with SiC coating have been employed for divertor targets and first walls in EAST. The common impurities existing in plasma are carbon, silicon, oxygen and other high Z impurities. Many wall conditioning and cleaning techniques, such as baking, He-glow discharge cleaning, boronization, siliconization, lithium coating are developed for reducing the particles influx and enhancing plasma performance. These techniques will introduce boron, lithium, helium impurities. In the boundary plasma, the low Z impurities are not fully stripped. The abundant impurity lines can be excited by the complicated atomic and molecular processes in the boundary plasma.
Many diagnostics based on passive spectroscopy (in ultraviolet and visible range) have been employed to investigate the impurity influx [1∼3] , wall recycling [4] , plasma wall interaction mechanisms [5] , the life time of boron film [6, 7] and so on. The monochromators or filters combined with photomultipliers or photodiode array are commonly used to monitor temporal behavior of one emission line [8] . The measurement of multiradiation lines needs many electronic modules such as a filterscope [9] . The OMA diagnostic can cover a wide wavelength range by using the charge coupled detector (CCD). Furthermore, the line shapes can be resolved only by high resolution OMA systems. The spatial information may also involve multi-channel fibers with different viewing locations. The sampling rate is limited by the CCD detector. Today this limitation has become inconspicuous when fast cameras are developed.
In long pulse operations, the uncontrollable density will lead to discharge terminations. The uncontrollable density is considered to be caused by an increase of out-gassing of internal elements heated by radiation. Understanding the recycling behavior and finding the control method are important for further progress in long pulse discharges. The gas recycling property can be expressed by the hydrogen ratio [H/(H + D)] which can be derived from the Hα (656.28) and Dα (656.1 nm) emission intensity [4] . A high resolution spectrometer is needed to resolve these two vicinity lines. The Zeeman splitting can be eliminated by using a suitably orien-tated polarizer.
The OMA system configuration is described in section 2. The calculation method of hydrogen ratio is briefly presented in section 3.1. The hydrogen ratio, carbon and oxygen evolutions are compared after boronization, lithium coating in sections 3.2, 3.3. The CII spatial emission profiles obtained by OMA system are also discussed in section 3.4.
Experimental setup
The Experimental Advanced Superconducting Tokamak (EAST) is the first full superconducting tokamak with an advance configuration in the world [10] . It has a major radius of R = 1.75∼1.85 m and a minor radius of a = 0.4∼0.45 m. It has multi configurations of single null divertor, double-null divertor and circular crosssection with moveable limiter.
The main parts of these two OMA systems are transferred from HT-7 tokamak [4] . The lens and fibers are redesigned to match the EAST configuration. Fig. 1 shows schematic of the optical arrangement. Two optical lenses are fixed at the outer EAST window with focal lengths of 87 mm and 137 mm, respectively. The upper vacuum vessel and inner divertor baffle are viewed by two groups of sightlines at the same time. Only sixteen chords of OMA1 system are presented in Fig. 1 . The intervals between sight lines are 60 mm and 57 mm at R = 1.75 m for the upper and lower regions, respectively. Thirty chords of OMA2 system cover the same spatial range. The intervals between sight lines are 31 mm and 29 mm for the upper and lower regions, respectively. Two bundles of bifurcated quartz fibers are used to transmit the light to the SP300 and SP750 spectrometer. The sketch of the fiber bundles are shown in Fig. 2 . The left end is attached to the entrance slit of the spectrometer. All the fibers are linearly placed with no intervals. The core diameter is: 200 µm for SP300 (OMA1), 100 µm for SP750 (OMA2). At the other end, the fibers are divided into four groups, A, B, C, D.
The ordering sequence is A, B, C, D, A, B, . . . noted beside the copper end in Fig. 2 . Because the adjacent fibers have cross talk on the CCD detector, only two of them, either (A, C) or (B, D), are connected to the optical lens. One for upper space viewing, and the other for lower divertor viewing. Fig. 3 shows the structure of the fiber end connected to the optical lens, one end transmitting the light to the SP300 spectrometer, and the other to the SP750 spectrometer (see also in Fig. 1 ). Fig.2 Diagram of the fiber bundles. The left end is connected to the spectrometer. At the other end, two of the bifurcated four fiber ends are attached to the optical lens, one for upper vacuum vessel observation, and the other for lower divertor viewing Fig.3 The structure of fiber ends connected to the viewing lens. One end linked to an SP300 spectrometer and the other linked to an SP750 spectrometer (color online)
The OMA1 system is equipped with a compact Czerny-Turner type spectrometer, SP300, with a focal length of 300 mm. The gratings of 300 grooves/mm, 1200 grooves/mm, 2400 grooves/mm are set in the turret. The center wavelength and spectral resolution can be changed by rotating the turret. A 280 nm wavelength range can be covered by using the 300 grooves/mm. The spectral resolution is 0.4 nm for 300 grooves/mm at 434 nm. The multi-channel spectra on the exit plane are detected by a charge coupled device (CCD) camera. The detector has a rectangular area of 1340×400 channels, 20×20 µm 2 /pixel. It normally works at −80
• C with liquid nitrogen cooling. The vertical binning (by merging 10 pixels into one super pixel) technique is used for reducing the read out time and increasing the signal-to-noise ratio. Five frames per second can be achieved in the CCD binning mode.
The OMA2 system is equipped with a high resolution spectrometer, SP750, with a focal length of 750 mm. The spectral resolution is 0.01 nm/pixel with a grating of 1800 grooves/mm at 656 nm. The line shapes of Hα\Dα emission can be easily resolved. A polarizing disc is installed between the optical lens and fiber copper ends. Its orientation is adjusted for eliminating the σ components of the Zeeman splitting. A backilluminated CCD camera with a multi-stage Peltier cooling element is used to detect the spectrum. It normally worked at −20
• C. The detector has a square area of 1024×1024 channels, 20×20 µm 2 /pixel. The vertical binning technical is also used like the OMA1 system.
Experimental results

The hydrogen ratio H/(H+D)
The deuterium and hydrogen neutral particle influxes can be derived from the Dα (Hα) emission [11] ,
where S i and α i are the ionization and excitation rate coefficients, subscript i means H or D, I i (r), is the line-of-sight intensity of the spectra line emission, hv is the photon energy and B is the branching ratio for the Dα (Hα) line. The coefficient C i is assumed to be the same for hydrogen and deuterium. Furthermore, the Dα (Hα) emission is simultaneously measured by the OMA2 (SP750) system. The instrument coefficients which connect the count read by the detector and the line-of-sight intensity are the same. So the H/(H+D) ratio can be directly derived by the area ratio of the Dα (Hα) spectra shape. The Zeeman splitting will become serious at higher toroidal magnetic field. The mixed spectrum leads to complicated mathematic fitting procedure. Nevertheless, the four σ components of the Zeeman splitting can be eliminated by a suitably orientated polarizer. A typical Dα (Hα) spectrum is presented in Fig. 4 . The measured line shapes refer to the single π component of Dα (Hα). Two Voigt functions are sufficient to fit the line shapes. Better matching has been obtained at the line wings compared with Gaussian function. The working gas is deuterium in EAST, the hydrogen comes only from the wall and the wall conditioning material. The hydrogen recycling property can be examined by the evolutions of the H/(H+D) ratio [4] . Fig.4 The Hα and Dα spectrum resolved by the SP750 spectrometer (color online)
Boronization
Boronization was commonly used as the wall conditioning method on EAST [12] . The impurity behaved almost the same as on the HT7 tokamak [7] . The comparison of impurities spectral lines for two typical ohmic discharges before and after boronization was presented in Fig. 5 . It clearly indicated that the carbon and oxygen impurities were reduced to a low level after boronization. As the carborane (C 2 B 10 H 12 ) powder was used as the boronization material, the large amount of hydrogen was co-deposited in the fresh C/B:H film. The evolution of hydrogen ratio after once boronization is shown in Fig. 6 . The impurity emission for BII (345.1 nm), CII (514.5 nm), OII (441.6 nm), BII/CII is also presented in Fig. 7 . In the period for uncontrollable density: phase (1). The hydrogen ratio was high, up to 90% at the beginning and then decreased shot by shot. This high recycling always lead to disruption or uncontrollable density discharges. The neutral influxes of carbon, boron, oxygen implied by line emission intensity were also decreased shot by shot. But, the B/C ratio increased. We can infer that the loosely combined molecules and the oxygen absorbed at the surface during boronization were easily cleaned by discharges. The boron hydride compound contributed to the main influx. After nearly 60 effective shots (longer than 1 s), the hydrogen ratio reached 60%. The boron influx rebounded to a high level after several divertor discharges. This may be attributed to the non-uniform deposition of boron film. In the transition period: phase (2). The hydrogen still depleted upon successive discharges and stopped around 35%. The boron influx decreased from the rebounded high level to a steady level. On the other hand, the carbon influx increased slightly. The B/C ratio decreased to a low level and stopped at certain fraction. All of these demonstrated a solid B/C:H film was formed in this period. In the period for controllable density: phase (3). The hydrogen ratio retained around 35% and had no further reduction. The larger influxes of carbon and oxygen were caused by large power microwave injection, runaway discharges or restoring plasma after disruption. The lowest boron influx nearly disappeared after 200 shots. Nevertheless, considerable boron influx was found after nearly 1000 Fig.5 The comparison of spectrum before and after boronization. The oxygen and carbon were suppressed after the boronization (color online) Fig.6 The hydrogen ratio evolution after once boronization: shots 19769∼21000. The mid-plane channels of OMA2 (SP750) were selected for H/(H+D) ratio calculation. The phases (1), (2), (3) are discussed in the text Fig.7 The boron (a), carbon (b), oxygen (c) line emission evolution following boronization, the date were averaged at the platform for every shot, the mid-plane channels of OMA1 (SP300) were selected. The large changes for carbon and oxygen were caused by different discharge conditions. The BII/CII (d) ratio shows strong relation between carbon and boron influxes (color online)
shots. This was also supported by the B/C ratio. This means the boron film can last more than 1000 shots after once boronization.
Siliconization and lithium coating
In the August 2010 campaign, a glow discharge using a gas mixture SiD 4 : He = 1 : 9 was used as siliconization method. The hydrogen ratio evolution after siliconization was show in Fig. 8 . The lowest hydrogen ratio was near 30%. Not too much improvement was found compared with boronization. In the sixth and seventh siliconization, a higher baking temperature of the first wall was applied and the ratio increased to 60%. This indicated that increasing the temperature of the first wall was beneficial to reduce the hydrogen loading. But this method will take a long time and it is difficult to obtain a low hydrogen ratio. On the other hand, silicon introduced a serious impurity contamination. Siliconization was not a good choice for wall conditioning. Fig.8 The hydrogen ratio evolution after silication combined with temperature evolution. Higher temperature of the first wall caused a larger H/(H+D) ratio (color online)
The lithium-coating technique was first applied on EAST in 2009 [13] . In this campaign, 10∼30 g of Li was evaporated using two ovens at toroidally symmetric mid-plane positions before every day's operation. Helium or deuterium glow discharge cleaning (GDC) or ICRF-discharge cleaning was done before and after evaporation [14] . A typical spectrum of lithium is shown in Fig. 9 . Fig.9 The spectra comparison before and after the first lithiation (color online)
The hydrogen ratio evolution after twelve times lithium coating is presented in Fig. 10 . The line emission intensity evolution of LiI (670.8 nm) OI (777.4 nm), CII (514.5 nm), observed in the mid-plane, is presented in Fig. 11 . The baking temperature of first wall was sustained to 240
• C at the beginning (another monitor position was used in the figure). The hydrogen ratio was high up to 60% just after the first lithium coating. After 2∼4 shots, the ratio dropped to 40% which is the general level for boronization and siliconization, and then decreased shot by shot. The lithium influxes also fell to a low level after several shots. This behavior was almost the same as the lithium coating on EAST in 2009 [13] . The effective lifetime of lithium film was up to 30∼40 shots. The strong pumping effect of lithium suppressed the carbon and oxygen influxes to a very low level in the limiter configuration. Larger C, O influxes were found under divertor configuration. This may be attributed to the fact that lithium was mainly deposited at the mid-plane. The carbon and oxygen impurities came mainly from the thin lithium film coated divertor region. Following the lithium accumulation, the hydrogen ratio gradually decreased to lower than 10%. The lithium influx in the divertor configuration was increased a little. But the C, O influxes in divertor configuration approached that in limiter configuration after seven times lithium coatings. The first H-mode on EAST was achieved after evaporation of 34 g Li as well as 17 shots with Li powder injection [15] . The lithium coating wall condition shows great benefits for enhancing the plasma performance. Fig.10 The hydrogen ratio evolution after lithium coating combined with temperature evolution. The high baking temperature of the first wall had less effect on the reduction of lithium coating. The hydrogen ratio was lower than 10% after seven times Li injection (color online)
The effect of divertor configuration
The last closed flux surface (LCFS) defined by a solid surface is the limiter configuration. The impurity released from wall can directly enter the plasma. The edge plasma density and temperature is high, the physical sputtering and chemical erosion is severe especially during long pulse discharges. The divertor configuration has been demonstrated to be effective for reducing Fig.11 The lithium, oxygen, carbon line emission evolution following the seven times lithium coating. The midplane channels of OMA1 (SP300) were selected. Following the lithium accumulation and hydrogen ratio reduction, the lowest lithium influx increased, the oxygen and carbon influxes were suppressed gradually in divertor configuration (color online) the impurity flux coming from the plasma-wall interaction [16] . The LCFS is defined by magnetic field. The impurity released from wall ionized and may be swept to the divertor region. The 'hot' ions leaving from the LCFS can also flow along the field lines to the divertor region. The edge density is lower and temperature decreased. The impurity produced by the sputtering and erosion also decreased.
The impurity suppressing effect of the divertor configuration can be easily confirmed by the spatially resolved OMA1 system. Fig. 12(a) and (b) shows the CII (514 nm) intensity profiles at the upper vacuum vessel and lower divertor region. Two time points were selected in one shot related to the limiter and divertor configuration, respectively, the x axis (r) is the vertical distance from magnetic axis to the view chords. The short dashed lines indicated the LCFS position. The CII intensity dropped dramatically in the main plasma region when the divertor configuration formed. The de-tachment of plasma and limiter or high field titles will dramatically decrease the carbon impurity, which will otherwise enter into the plasma. In the lower divertor region, the CII intensity increased at the outer region. This implied that the C +1 ions were swept to the divertor region. 
Conclusion
Two optical multi-channel analysis systems have been setup in EAST since 2006. The ultraviolet-visible radiation lines can be identified by a compact spectrometer in a wide wavelength range. The Dα and Hα line shapes are resolved by a high resolution spectrometer. The H/(H+D) evolution was monitored at each campaign. The high recycling just after boronization always led to uncontrollable density discharges. No low hydrogen ratio was achieved by boronization and siliconization. Increasing the temperature of the first wall will caused a higher hydrogen ratio. The B/C ratio indicated a strong relation between boron and carbon influx. The lifetime of boron film can last more than 1000 shots. The component of the firm C/B:H film needs a further investigation. The strong pumping effect of lithium was demonstrated by the hydrogen ratio, carbon and oxygen influx evolution. Following the accumulation of lithium, less than 10% hydrogen ratio was achieved, the oxygen and carbon influx were suppressed gradually to a very low level. The first H-mode on EAST was also achieved after evaporation of 34 g Li as well as 17 shots with Li powder injection. The lithium wall conditioning method shows great benefits for reducing the hydrogen ratio, suppressing the impurities and enhancing the plasma performance. The impurity screen effect of divertor configuration was also discussed.
